Abstract. Artemis Chasma is an arcuate, 2000-km-diameter zone of convergence and lithospheric underthrusting on Venus. Inelastic flexure modeling of the topography at Artemis, combined with observations of trench tectonics, allow us to document local temperature gradients below 4 K km -1 and an immense compressive in-plane force at the trench. Lithospheric rheology on Venus may be stronger than would be predicted from conventional extrapolations of rock mechanics experiments; in particular, the brittle surface strength must reach a few tens of megapascals to satisfy the observed lack of flexurally induced surface faulting. Elastic plate bending models provide an adequate estimate of the bending moment at Artemis, but they fail to constrain---or even recognize--the in-plane force. The inelastic analysis implies an in-plane force of the order of-1 x 10 TM N m-l; a potential driving force is thermal thinning of regionally thick lithosphere in the highlands to the north. The low heat flux at Artemis, which is a comparatively young structure, is compatible with the notion that Venus has experienced a prolonged period of cooling in the last several hundred million years. The inference of such exceptionally low thermal gradients embraces three end-member possibilities: (1) the surface age is >600 Ma, (2) the lithospheric thermal age is greater than the surface age, and/or (3) the upper mantle temperature is anomalously low (•-1550 K).
bending, but the loading configuration is probably more complex there.
We define the deformation front of the outer trench slope fold-and-thrust belt as the horizontal origin for our topographic profiles. This nearly linear, ~300-km-long boundary between the severely deformed trench and the smooth, undisrupted plains trends at azimuth 35ø; great circle topographic profiles are extracted perpendicular to this feature. We obtain 34 profiles, spaced ~9 km apart (at the trench), by bilinearly interpolating elevations from the Global Topography Data Record (GTDR) [Ford and Pettengill, 1992] . We have examined both the Altimeter-Radiometer Composite Data Record (ARCDR) footprints and the altimeter profiles at the outer rise, and are confident our interpolated profiles accurately represent the topography. The GTDR error data over this region indicate that typical errors are ~50 m, with some orbits peaking at about 100 m.
We characterize the flexural topography at Artemis in two ways. We build an average profile from the 34 original interpolated profiles; this step serves to eliminate some of the short-wavelength noise in the data that is not associated with lithospheric flexure, and it provides us with a representative cross section. Also, for each of the 34 profiles we determine the topographic slope of the plains, the outer rise amplitude and width, and the trench depth. Slopes are small (~0.01 ø) and dip to the southeast; they increase in magnitude from southwest to northeast (Figure 2a 
Lithospheric Rheology
We employ yield stress envelopes, which define the strength of the lithosphere as a function of depth, in our flexure models Kohlstedt et al., 1995] . Yield envelopes represent the maximum stress the lithosphere can sustain at a given depth, and they almost certainly overestimate the.net strength [Kirby, 1983; Kohlstedt et al., 1995] .
In this section we describe our two assumed rheoiogic models for the venusian lithosphere. In the "weak" model we follow conventional precepts in designing yield envelopes; these results are therefore most appropriate for comparison to the findings of previous workers. With the "strong" model our approach is to maximize the yield stresses, thereby placing an upper bound on the temperature gradient inferred from flexure modeling. General physical constants are defined in Table 1 ; the weak and strong rheology model parameters are listed in Table 2 .
Brittle Regime
Yield envelopes usually describe the brittle, pressuredependent strength of the lithosphere with the empirical "Byedee's rule" for frictional sliding [Byerlee, 1978] [Sibson, 1985] . The lithosphere being flexed at Artemis Chasma may not possess preexisting faults which could accommodate flexure: the surface is smooth and largely undeformed on the plains to the southeast of the trench (Figure 1, inset) . Therefore, we are unwilling to assume that Byerlee's rule provides a conservative bound on lithospheric strength. We instead describe the brittle strength in the strong rheology model using a Mohr- 
where r and 0.n are the shear and normal stresses, r0 represents the cohesion, and ½ is the angle of internal friction. We convert (1)into a form appropriate for constructing yield envelopes by deriving the differential stress A0. = 0. Also of possible concern is the need to extrapolate from experimental temperatures of -1500-1800 K to mechanical lithosphere conditions of <1100 K. Experimental results suggest that, to a very good approximation, the activation energy for dislocation creep is independent of temperature over the tested range. At lower temperatures (and higher stresses) the power law behavior of crystal creep breaks down, and distinct, weaker processes dominate [Kirby, 1983; Tsenn and Carter, 1987] . Evans and Goetze's [1979] olivine hardness tests over a broad temperature range (300-1800 K) revealed a sharp decrease in strength at reduced temperatures. They suggested that a Dom law, in which creep rate depends exponentially on stress, applies at Act > 200 MPa [Goetze, 1978] (Figure 4) . Therefore, power laws overestimate lithospheric strength.
In the weak rheology model we let the ductile strength of (Figure 4) . We also include an activation volume [Kirby, 1983] . In both rheology models, ductile stresses are calculated at a strain rate of 10 -14 s -1, a reasonable upper bound for a convergent setting, and the base of the mechanical lithosphere (z = hm) is defined by a ductile strength of 50 MPa.
In our flexure modeling we ignore the role of the crust in the lithospheric strength. The crust of the venusian plains is -20-50 km thick [Grimm and Hess, 1996] , and the lower crust might experience ductile flow. However, at Artemis the crust has not become decoupled from the upper mantle lithosphere despite the intense underthrusting, implying that the crust and mantle are mechanically welded . By neglecting the crust we adhere to our principle of maximizing the inferred thermal gradients.
Elastic Plate Bending Analysis
To allow us to compare our results to those of Sandwell and Schubert [1992a] , and to form a basis of comparison for our inelastic flexure models which follow, we fit an analytic elastic plate bending equation to the Artemis Chasma topography. We consider a very general elastic solution for the vertical displacement ( To reduce (7) to a single independent variable (w), we must construct a relationship between curvature and bending moment [Mueller and Phillips, 1995] . For each curvature we determine a stress profile subject to the plastic strength limits of the yield envelope, assuming a Tresca yield criterion. [1995] showed that this method systematically underestimates h m but using the maximum moment-curvature values instead results in a far more accurate determination. In this case, the latter method yields dT/dz = 3.6 K km -1 (h m = 111 km), only a minor change, and yet there is no improvement to the modeled fit. From the inelastic modeling perspective a given geotherm and strength envelope will limit the maximum bending moment (and outer rise height) allowed. For instance, the saturation moment at 3.6 K km -1 is-8.8 x 10 •7 N, so very little additional amplitude can be attained in the inelastic model by increasing the applied moment. A higher geotherm would further limit the maximum attainable flexural amplitude, whereas a lower geotherm would produce an inappropriately long flexural wavelength. Therefore, unlike elastic plates, an arbitrarily large outer rise height cannot be generated by an inelastic lithosphere for all flexural wavelengths. Recognizing this additional constraint, is it possible to explain the Artemis outer rise in the context of an inelastic, finitestrength lithosphere?
The inclusion of an in-plane force introduces an additional modeling parameter. It, too, is limited by the net strength of the lithosphere (i.e., (9) with Ao'(z) equal to the compressional or tensional yield strength), but it modulates both the flexural amplitude and wavelength. The latter property can be seen in We have attempted to obtain least squares fits of equation (3) to the Artemis trench-outer rise with N as a sixth free parameter. However, the in-plane force is completely undetermined: varying N by up to 10 TM N m -1 in both compression and tension fails to improve the rms error at any value. This finding verifies the more complete analysis of Mueller and Phillips [1995] . In all fits the values of h e are similar to the N -0 results. We therefore proceed with our fully inelastic modeling.
Inelastic Model Results
Our approach is to explore the three-dimensional parameter space of temperature gradient, in-plane force, and applied bending moment (with an additional degree of freedom provided by the rheological models) by forward modeling with inelastic flexure solutions. Our goal is to match the observed outer rise height and F'WHM of Artemis. The results are not sensitive to the trench depth boundary condition, which we set to 1 km (Figure 2d ). An example of the output of our model is depicted in Figure 6 2c ). We must invoke higher and lower thermal gradients to produce narrower and wider outer rises, respectively, for this rheology. However, the along-strike variation in the FWHM could also be explained by a constant geotherm but a nonuniform rheology (e.g., a changing crustal thickness). Similar diagrams built at other geotherms and using the weak rheology mirror the patterns seen in Figure 6 ; in particular, a compressional in-plane force is always required. To determine if a basal shear traction might affect the magnitude of the loads, we have also solved (7) for nonzero, constant Crxz (in which the in-plane force is a linear function of x).
Because of the x dependence of N, we must create a momentcurvature-in-plane force surface to solve (7); we bilinearly interpolate over this surface to determine the curvature at a given N and M. We find that these inelastic profiles are essentially indistinguishable from those with constant N and zero Crxz when the distance over which N varies is long (~1000 km). The outer rise shape is slightly altered by the decrease in N with distance from the trench, but the basal shear stress apparently does not modify the flexural signature because it is of the order of 10 times less than the bending stresses. 
Absence of Surface Faulting
Another feature of Figure 6 is the domain in which no surface failure occurs, marked by the stippled area. Surface normal faulting is induced when bending curvatures are large enough for the stress profile to intersect the Mohr-Coulomb envelope in tension ( Figure 3) ; thus, the zone of no failure is confined to relatively small moments. The surface is always at failure in the weak rheology model because the surface strength is assumed to be zero. There is an enormous discrepancy between the inferred in-plane force and applied moment (constrained by the outer rise amplitude and FWHM) and the conditions of no surface failure (Figure 6 ). The bending curvatures at Artemis are so large (-7-10 x 107 m -1) that it appears to be impossible to avoid surface failure, a situation that persists at other thermal gradients.
A very simple way in which to prevent surface faulting is to assume a higher brittle strength; however, for most parameter combinations a cohesion of at least 200 MPa is necessary. The widespread deformation on Venus indicates that the strength of surface materials is probably not this large; such a cohesion is also contrary to most laboratory measurements of the fracture strength of rocks [Schultz, 1993] .
So far we have assumed a very simple loading sequence: an in-plane force is applied first, perhaps associated with a regional stress in the downgoing lithosphere, and bending follows as the lithosphere is distorted at the outer rise. Therefore, at shallow depths, the lithosphere first fails in compression because of the in-plane force; with bending, elastic unloading occurs until the tensional yield strength is reached [Mueller et al., 1996] (Figure 8) . This is the cause of the dominant surface failure in the flexure models: elastic unloading does not progress far before tensional failure is reached despite the compressional in-plane force.
A possible means to avert unloading is for the in-plane force magnitude to track the bending curvature such that the surface stress never intersects the yield envelope on the outer rise. With time, a given point on the surface could experience both a gradually increasing compressional in-plane force and bending such that the surface stress remains approximately zero. Because the curvature increases almost linearly from the back flank of the outer rise to the trench, surface faulting would be precluded if the in-plane force increases in a similar manner toward the trench.
The spatial arrangement of wrinkle ridges on the plains southeast of Artemis is suggestive of the variation in surface stress (Figure 1) . The wrinkle ridges, which reflect shortening, trend roughly parallel to the chasma, and they extend for thousands of kilometers across the plains. However, the wrinkle ridges are conspicuously absent on the outer trench wall and outer rise peak--thus, there is neither extensional nor contractional deformation in this zone. The position where the wrinkle ridges end on the back side of the outer rise is near where the flexural models predict a change in sign of the curvature. Therefore, the wrinkle ridges are another manifestation of the compressive in-plane force, and their formation has been inhibited on the outer rise because bending stresses canceled the in-plane stresses.
We can simulate the proposed relationship between inplane force and bending in our models by leaving out elastic unloading when constructing the stress profiles ( Figure 8) ; we thereby assume no initial compressional failure has occurred.
With this modification
we discover that we can now find conditions that satisfy all three key observables at Artemis: the outer rise width and height and the lack of surface deformation ( 
Discussion
Our inelastic flexural modeling indicates that the elastic solution coupled with the moment-curvature matching technique succeeds in estimating the approximate geotherm at Artemis, but it fails to distinguish the presence of a large, compressive in-plane force. To understand the seeming contradiction between these two results, we have run accuracy tests for the elastic flexure methods using an approach similar to that of Mueller and Phillips [ 1995] . The elastic plate equation is fit to a series of synthetic inelastic flexure profiles which are generated for different values of in-plane force (N is assumed to be zero in the elastic fits). For each fit we perform the moment-curvature matching calculation for both the first zero crossing and maximum curvatures. We find that the mechanical lithosphere thickness estimated via the elastic fit can be in error by up to ~30% for compressional in-plane forces, depending on such factors as the thermal gradient, trench depth, and applied moment. The errors can be even larger for in-plane tension.
These findings intimate that flexure modeling of terrestrial subduction zones, where stresses ranging from tension to compression can arise from interplate coupling and the transmittal of slab-pull forces [e.g., Spence, 1987 To place an upper bound on the temperature gradient, we consider the highest geotherm that includes the maximum FWHM within the range of acceptable solutions. However, forward-modeled fits (Figure 7) indicate that the widest outer rise can be satisfactorily fit by somewhat narrower synthetic profiles. In addition, some of the topography on the southeast-facing outer rise slope may not be flexural (arrows, Figure 7b ), exaggerating the measured FWHM. We have calibrated this uncertainty by comparing synthetic profiles to the widest portions of the outer rise, and accept 210 km as the maximum FWHM for limiting the geotherm. Taking this adjustment into account, the upper bounds implied by the weak and strong rheology models are 3.4 and 5.1 K km -1, respectively. When the condition of no surface faulting is incorporated into the strong model, the upper bound is 3.8 K kin-l; this value is somewhat less precise because our solutions do not include the spatially variable in-plane force. Narrower segments of the outer rise can be explained by higher thermal gradients or by locally weaker rheology.
A broad range of geotherms, in-plane forces, and applied moments is allowed because of the nonuniqueness of the solutions (Table 3) , but these three parameters are strongly interdependent when constrained by the outer rise width and height (Figures 6 and 9 ). Our inelastic model is relatively sensitive to the ~90-m variations in the amplitude (Figure 2b ), which are explained by small changes in the applied loads. The ~35-km variations in the width (Figure 2c ) imply changes in some combination of temperature gradient, lithospheric rheology, and in-plane force. Such changes must occur over the trench length of ~300 km covered by our profiles (Figure 1) .
Sources of Loads
In-plane force. A typical compressive in-plane force required by the flexural fits to Artemis is -1 x 1014 N m -1, although it may be locally lower (Table 3 ). The observation of a lack of surface faulting near the chasma implies that this A possible cause of the in-plane driving force is mantle flow tractions applied to the base of the lithosphere, aided by the probable lack of a low-viscosity zone on Venus [Phillips, 1986 [Phillips, , 1990 . Phillips [1990] derived relationships between in-plane stress and long-wavelength gravity for a thin elastic lithosphere overlying an isoviscous mantle. We have examined the long-wavelength geoid in the Artemis region up to degree 10 (wavelengths -4000 km and greater) using the spherical harmonic gravity model (MGNP90LSAAP [Sjogren et al., 1996] ). The theory should be valid at these wavelengths assuming the depth of the density anomaly driving the flow is shallower than -400 km [Phillips, 1990] . The maximum geoid height is -70 m over southeast Thetis Regio, corresponding to a predicted in-plane force of-1 x 1013 N m -1, considerably less than the flexurally derived values. However, partial crustal compensation of Thetis [Grimm, 1994] might obscure the presence of a stronger mantle anomaly.
Differential topography is a related mechanism for generating stresses in the lithosphere (e.g., ridge push in oceanic lithosphere). The in-plane force produced by topography is given by the moment of the anomalous density [Dahlen, 1981] Phillips [1990] pointed out that the geoid expression of topographic stresses [Dahlen, 1981] is identical to his result for flow coupling. The required driving force per unit length might be less if the area over which it is applied is larger than the -800-kinlong southeast chasma where stresses are presumably focused. The maximum length over which the force could be applied is the diameter of Artemis (2000 km). Therefore, the driving force could be, at most, a factor of 2.5 smaller than the flexurally derived force; that is, it must be at least -4 x 1023 N m -1, and it is probably substantially larger. Such enhancement of the driving force makes the mechanisms suggested above marginally acceptable.
The postulated decrease in the in-plane force from the trench to the outer rise connotes that a regional stress has not been continuously applied to the downgoing lithosphere. A regional in-plane force would have produced contractional deformation on the trench slope, either before flexure commenced or before that section of the crust passed through the outer rise. Therefore, the in-plane force and flexure may have grown with time, maintaining the surface stresses near zero.
Bending moment. Levitt and Sandwell, 1995] . We find no meaningful correlation between the slab-pull moment and the flexural moment, a result that might be explained by the scatter in reported flexural moments, which can exceed an order of magnitude for a given trench. However, there is also no correlation between the slab moment and maximum flexural moment. This finding can be interpreted as evidence that other factors dominate the relationship between slab thermal buoyancy and flexure at the trench, such as phase changes within the slab, interplate friction, stress transmittal through the mantle wedge, viscous resistance of the mantle, and inhibited penetration of the lower mantle [Davies, 1980 [Davies, , 1981 . It is notable, though, that Jarrard [1986] (using the same thermal model) found a correlation between the predicted slab-pull force and trench depth, another flexural property.
A force not acting at terrestrial subduction zones may contribute to the loading at Artemis. Sandwell and Schubert [1992b] suggested that perhaps topography northwest of the trench loads the underthrust plate. This inner ridge (Figure 1 ) might be a consequence of the convergence at Artemis, as uplift of the overriding plate has been measured for terrestrial subduction zones. On Earth such topography is rapidly eroded, and it may not play a significant role in the slab force balance. Because our models do not include this region, any vertical loading northwest of the trench is implicitly accounted for in the applied bending moments.
Summary. The fact that the requisite in-plane driving forces are not evident in the gravity field means that the proposed mechanisms are incorrect, the force is not fully expressed in the geoid, or the flexural rise is a relict feature, frozen in by the cooling lithosphere. The dominant source of the applied bending moment is the negatively buoyant slab. The lack of correlation between slab properties and flexural moments at subduction zones affirms that the short Artemis slab is not discrepant with the large moment, as long as the slab-pull torque exceeds the flexural moment. For Artemis the slab must have a shallow dip and a large density anomaly to supply the inferred moment. Paradoxically, given the "missing" in-plane driving force, Artemis should be active or very young, as the slab has not yet thermally assimilated. 1. The elastic plate bending model, coupled with the moment-curvature matching technique, is generally not accurate when an in-plane force is present. Because in-plane stresses might play an important role in tectonics and flexure both elsewhere on Venus and in subduction settings on Earth, their omission from flexure models may introduce significant errors into estimates of lithospheric thermal structure [Mueller and Phillips, 1995] . A simple, though incomplete, test of the validity of the moment-curvature matching technique is to compare an inelastic synthetic flexural profile (generated at the geotherm inferred via the elastic fit) to the observed topography ( Figure 5) . The agreement between the temperature gradients found from the elastic and fully inelastic models is attributed to the range of in-plane force-geotherm combinations capable of reproducing a given flexural profile. If the inplane force was somehow independently known, the "true" inelastic geotherm could be quite different from the one derived from the moment-curvature matching technique.
Implications
2. For a lithospheric rheology based on standard extrapolations of rock mechanics experiments, the inelastic flexure model indicates that thermal gradients for at least some parts of southeast Artemis must be less than 3.4 K km -1 (Table 3) .
Applying the strongest rheology we judge plausible, the geotherm must be less than 4 K km -1 for the widest outer rise 6. The uniform, "plate-like" motions observed at Artemis Chasma reflect a spatially coherent tectonic style that is unusual on Venus . Deformation involves throughgoing failure and modest translation (<250 km) of a rigid lithosphere, distinct from the distributed, crustdominated tectonics seen elsewhere on the planet. The thermal maturity of the lithosphere documented in this study corroborates the strong-lithosphere behavior inferred from the tectonics of Artemis.
